The major peptidoglycan hydrolase of E. faecalis, AtlA, has been identified but its enzyme 22 activity remains unknown. We have used tandem mass spectrometry analysis of peptidoglycan 23
hydrolysis products obtained using the purified protein to show that AtlA is an N-24 acetylglucosaminidase. To gain insight into the regulation of its enzyme activity, the three 25 domains of AtlA were purified alone or in combination following expression of truncated forms 26 of the atlA gene in E. coli or partial digestion of AtlA by proteinase K. The central domain of 27 AtlA was catalytically active, but its activity was more than two orders of magnitude lower than 28 that of the complete protein. Partial proteolysis of AtlA was detected in vivo: zymograms of E. 29 faecalis extracts revealed two catalytically active protein bands of 62 and 72 kDa that were both 30 absent in extracts from an atlA null mutant. Limited digestion of AtlA by proteinase K in vitro 31 suggested that the proteolytic cleavage of AtlA in E. faecalis extracts corresponds to the 32 truncation of the N-terminal domain, which is rich in threonine and glutamic acid residues. We 33 show that the truncation of the N-terminal domain from recombinant AtlA has no impact on 34 enzyme activity. The C-terminal domain of the protein, which contains six LysM modules bound 35 to highly purified peptidoglycan, was required for optimal enzyme activity. These data indicate 36 that AtlA is not produced as a proenzyme and that control of the AtlA glucosaminidase activity is 37 likely to occur at the level of LysM-mediated binding to peptidoglycan. 38 39 Peptidoglycan (or murein) is a major component of the bacterial cell wall. This molecule 40 forms a bag-shaped exoskeleton enclosing the plasma membrane and protects the cell against 41 internal osmotic pressure in hypo-osmotic conditions (23) . Peptidoglycan consists of glycan 42 strands of alternating β-1,4-linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 43 (MurNAc) residues cross-linked to each other by short peptides made of L-and D-amino acids 44 (20) . Throughout growth, the insertion of new precursors and separation of daughter cells 45 requires limited cleavage of the peptidoglycan molecule (13). The enzymes responsible for this 46 process are potentially lethal enzymes referred to as autolysins as they cleave the high molecular 47 weight polymer. In addition to their contribution to cell growth and division, some autolysins 48 play a role in adhesion (8, 17) and in amplification of the inflammatory response by releasing 49 muramyl-peptides (6). Depending on the bond they cleave, autolysins are classified as lytic 50 tranglycosylases, N-acetylmuramidases, N-acetylglucosaminidases, N-acetylmuramoyl L-alanine 51 amidases, or endopeptidases. 52 In Enterococcus faecalis, two autolytic activities have been described (12). One of the 53 corresponding proteins, designated AtlA in this report, has been identified (4, 18) but its activity 54 has not been characterized. AtlA is a three-domain enzyme composed of an N-terminal 55 threonine-and glutamic acid-rich (T/E-rich) domain of unknown function (domain I), a central 56 putative catalytic domain (domain II) and a C-terminal cell wall binding domain consisting of six 57 LysM modules (domain III) (3). In this study, we have identified the peptidoglycan bond cleaved 58 by AtlA and analyzed the contribution of the domains of the protein to its enzyme activity.
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MATERIALS AND METHODS
60
Bacterial strains, plasmids, and growth conditions. All strains and plasmids used in this 61 study are described in Table 1 . The bacteria were grown at 37°C in Brain Heart Infusion broth or 62 agar (15 g/l) (BHI, Difco laboratories, Detroit, USA). When required, the growth medium was 63 supplemented with 100 µg/ml ampicillin and 50 µg/ml kanamycin.
64
Plasmid construction. To construct pML118 encoding amino acids 54 to 737 of AtlA 65 (domains I-II-III), V583 genomic DNA (19) was PCR-amplified using Vent DNA polymerase 66 (Biolabs) and oligonucleotides EF0799-1 and EF0799-4 ( Table 1 ). The resulting fragment was 67 cloned in frame with the hexahistidine sequence of pET2818, a pET2816b derivative (9), using 68 NcoI and BamHI. The same cloning procedure was used to obtain pML318 (encoding domains I-69 II of AtlA, amino acids 54 to 335) with primers EF0799-1 and EF0799-2; pML418 (encoding 70 domain II, amino acids 182 to 335) with EF0799-3 and EF0799-2; and pML518 (encoding 71 domain III, amino acids 335 to 737) with EF0799-5 and Production and purification of histidine-tagged AtlA and its derivatives. E. coli BL21 73 DE3 (pREP4GroESL) (1) harboring recombinant plasmids were grown at 37°C in BHI broth 74 containing kanamycin and ampicillin. When the cultures had reached an optical density at 600 75 nm of 0.7, production of the recombinant protein was induced by addition of 0.5 mM isopropyl-76 β-D-thiogalactopyranoside (IPTG) and incubation was continued for 12 h at 16°C. The cells were 77 harvested, washed, and resuspended in buffer A (50 mM Tris-HCl, pH 7.5, 300 mM NaCl). 78 Crude lysates were obtained by sonication (6 times 30 sec, 20 % output, Branson Sonifier 450). 79 Proteins were loaded onto Ni 2+ -nitrilotriacetate agarose resin (Qiagen GmbH, Hilden, Germany) 80 and eluted with stepwise increasing concentrations of imidazole (25, 50, 100, and 250 mM in Cell wall purification and peptidoglycan structural analysis. Bacteria were grown in 500 ml 103 of BHI broth at 37 °C to an optical density at 650 nm of 0.7. Peptidoglycan was extracted by 104 treating the bacterial pellet with 14 ml of 4% SDS at 100 °C for 30 min. Peptidoglycan was 105 washed five times by centrifugation (12,000 x g for 10 min at 20 °C) with 20 ml of water. 106 HAL author manuscript inserm-00156004, version 1 6 Peptidoglycan was serially treated overnight at 37 °C with Pronase (200 µg/ml) in 1 ml of Tris-107 HCl (10 mM, pH 7.4) and with trypsin (200 µg/ml) in 1 ml of phosphate buffer (20 mM, pH 7.8). 108 Peptidoglycan was washed twice with 20 ml of water and digested overnight with mutanolysin 109 (45 µg/ml; Sigma-Aldrich) or AtlA(200 µg/ml) at 37 °C in 1 ml of phosphate buffer (25 mM, The optimal pH for the activity of recombinant AtlA was 7.0 at 37°C (Fig. 1B) . Pre-incubation 159 of the enzyme (at a concentration of 15 nM) in 10 mM EDTA did not inhibit its activity 160 indicating that divalent cations are not essential for AtlA activity. AtlA was more active on M. faecalis OG1RF peptidoglycan by the purified AtlA protein and a commercially available 171 muramidase (mutanolysin). After digestion and reduction, the muropeptides were separated by 172 HAL author manuscript inserm-00156004, version 1 9 rp-HPLC on a C 18 column ( Fig. 2A and 2B ) and the peaks containing the main monomers, 173 dimers, trimers and tetramers were analyzed by mass spectrometry (MS) (Fig. 2C) . The major 174 muropeptides obtained with mutanolysin (peaks 1 to 8) had the same mass as their counterparts 175 obtained after digestion with the purified AtlA protein (peaks 1' to 8'), confirming that AtlA 176 cleaves the glycan moiety of the peptidoglycan. N-acetylglucosaminidases and N-177 acetylmuramidases generate muropeptides carrying GlcNAc or MurNAc at the reducing end of 178 the disaccharide, respectively. To discriminate between these two activities, tandem mass 179 spectrometry (MS/MS) was performed on the major muropeptide monomer generated by 180 mutanolysin (Fig. 3A) and AtlA (Fig. 3B) . characteristic of the muropeptides generated by mutanolysin ( Fig. 3A) and AtlA (Fig. 3B) , 187 carrying either unreduced or reduced GlcNAc respectively. As expected, ions corresponding to 188 peptides resulting from the loss of both sugars were found in the two fragmentation patterns. 189 These data show that MS/MS is a powerful method for discriminating between muropeptides I-II were successfully purified to homogeneity (Fig. 4B) . As domains II-III were produced at a 219 very low level in E. coli, this fragment of AtlA was generated by partial digestion of the mature 220 protein (see below).
221
Probing of the structural organization of AtlA by limited proteinase K digestion. The first 222 cleavage by proteinase K generated a protease-resistant core (polypeptide A, Fig. 4C) with an 223 estimated molecular weight of 62 kDa. A polypeptide with a similar apparent molecular weight 224 displaying lytic activity against M. lysodeikticus cells was detected in crude extracts of E. faecalis 225 (Fig. 4D, lane 1) . Since no autolytic activity is detected in crude extracts of the E. faecalis 226 OG1RF atlA mutant (Fig. 4D, lane 2) , these results suggested that AtlA is cleaved in vivo in the (Fig. 4D) . To test whether domain I functions as a propeptide, we compared (i) the 241 activity of domains I-II-III with that of domains II-III and (ii) the activity of domains I-II with 242 that of domain II alone. The activity of AtlA was similar to that of domains II-III (1,900 ± 290 U 243 vs 2,830 ± 420 U, respectively). Similarly, the activity of domains I+II was similar to that of 244 domain II alone (6.97 ± 0.9 U vs 4.85 ± 0.4 respectively). In agreement with these results, the rate 245 of hydrolysis of M. lysodeikticus peptidoglycan by AtlA did not increase upon addition of 246 proteinase K to the reaction mixture (data not shown). Since the addition of exogenous proteases 247 increases the autolysis rate in E. faecalis (18), it is likely that another autolysin (different from 248 AtlA) is activated by proteolysis in this bacterium. This putative autolysin could be related to the 249 E. hirae Mur-1 enzyme, which is also activated by proteolysis (16) 
